
Making an ultralow platinum content bimetallic catalyst on carbon fibres
for electro-oxidation of ammonia in wastewater

Downloaded from: https://research.chalmers.se, 2026-04-03 21:07 UTC

Citation for the original published paper (version of record):
Pourrahimi, A., Andersson, R., Tjus, K. et al (2019). Making an ultralow platinum content bimetallic
catalyst on carbon fibres for electro-oxidation
of ammonia in wastewater. Sustainable Energy and Fuels, 3(8): 2111-2124.
http://dx.doi.org/10.1039/c9se00161a

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
2/

20
19

 2
:2

5:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Making an ultralo
aDepartment of Fibre and Polymer Techn

Engineering, KTH Royal Institute of Te

ampo@kth.se; rols@kth.se
bIVL Swedish Environmental Research Insti

bjork@ivl.se
cKTH Royal Institute of Technology, School of

Material Science and Engineering, SE-100 4
dDepartment of Chemistry and Chemica

Technology, 41296 Göteborg, Sweden
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w platinum content bimetallic
catalyst on carbon fibres for electro-oxidation of
ammonia in wastewater†

A. M. Pourrahimi, *ad R. L. Andersson,a K. Tjus,b V. Ström,c A. Björk *b

and R. T. Olsson *a

Electrocatalysis of wastewater containing ammonia is a promising alternative to chemical and biological

water purification for several reasons, one being that energy-rich hydrogen gas is generated as a by-

product while the reaction can be strictly controlled to meet demands. An objective has been to reduce

the loading of expensive platinum (Pt) in the catalyst electrodes, and to reduce the poisoning of the

metal surface during the electrolysis. Herein, the co-deposition of a copper–platinum (Cu–Pt) bimetallic

alloy onto carbon filaments, stripped from their polymeric coating, is shown to give an electrocatalytic

performance superior to that of pure Pt at a content of less than 3 wt% Pt. The key to the enhanced

performance was to take advantage of micrometer-sized carbon filaments to distribute a very large

bimetallic alloy surface uniformly over the filaments. The Cu–Pt-alloy-coated filaments also suffer less

electrode poisoning than pure Pt, and are bonded more strongly to the carbon fibre due to better

mechanical interlocking between the bimetallic alloy and the carbon filaments. High-resolution electron

microscopy studies combined with a tuned electro-deposition process made it possible to tailor the

catalyst micro/nano morphology to reach a uniform coverage, surrounding the entire carbon filaments.

The results are promising steps towards large-scale wastewater treatment, combined with clean energy

production from regenerated hydrogen.
1. Introduction

Ammonia enters our water resources via municipal effluent
discharges and contributes to the eutrophication of rivers, lakes
and coastal waters. Aquatic organisms cannot excrete high
concentration of ammonia from wastewater leading to a toxic
buildup in internal tissues, and ultimately death, i.e. contrary to
other forms of nitrogen.1 The toxicity of ammonia increases
with increasing pH and temperature.2 According to the Swedish
Environmental Protection Agency (EPA), the highest concen-
tration in effluents should be 10 ppm, whereas an acute crite-
rion of 17 ppm total ammonia nitrogen (TAN) at pH 7 and 20 �C
has been recommended by EPA in the United States.1,3

Ammonia removal is, therefore, a crucial process in large
ology, School of Chemical Science and

chnology, Stockholm, Sweden. E-mail:

tute, Stockholm, Sweden. E-mail: anders.

Industrial Engineering andManagement,

4 Stockholm, Sweden

l Engineering, Chalmers University of

tion (ESI) available. See DOI:

hemistry 2019
wastewater treatment plants (WWTPs), and methods to remove
it from wastewater include; nitrication,4–7 ion-exchange8,9 and
electrolysis.10–13 The most common method of removing
ammonia from wastewaters is biological nitrication and
denitrication, which removes 50–75% of the nitrogen species.3

A major challenge is the high cost of the ammonia oxidation,
the long reaction times and the specic adjustment of the
environmental conditions for bacteria growth required, i.e. pH
and temperature.5 The nitrifying bacteria growth is sometimes
inhibited by organic pollutants, and ion exchange can be used
as an alternative method for removal of the ammonium ion.9

The estimated annual cost of these processes is ca. two billion
US dollars worldwide, considering only the most concentrated
water streams (500–2000 g m�3) of the 22 million tons of
ammonia entering our wastewater treatment plants each year.
The electrochemical decomposition of ammonia in wastewater
plants would, therefore, be attractive since it could simulta-
neously be used to produce hydrogen using less thermody-
namic energy than water electrolysis.10,12–15 The decomposition
of ammonia in an alkaline electrolyte involves the oxidation of
the ammonia to nitrogen and the reduction of water to
hydrogen, according to the reactions:10,13

(Anode)

2NH3 + 6OH� / N2(g) + 6H2O + 6e�, E ¼ �0.77 V/SHE (1)
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4OH� / O2(g) + 4H2O + 4e�, E ¼ +0.40 V/SHE (2)

(Cathode)

2H2O(l) + 2e� / H2(g) + 2OH�, E ¼ �0.83 V/SHE (3)

The oxidation of ammonia in an alkaline medium to
generate hydrogen needs a cell potential of 0.06 V (reaction 1
and 3), while the electrolysis of water in the absence of
ammonia needs a higher cell potential according to reactions 2
and 3; i.e. 1.23 V. The electrolysis of ammonia has the additional
advantages of low operating temperatures, no hazardous
emissions, and responsiveness to different concentrations of
ammonia in the wastewater, while making use of hydrogen
stored in the ammonia.12,13

So far, the noble metal platinum (Pt) has been used as the
main component of electrodes for ammonia electro-oxidation
and water splitting due to its high electrocatalytic
activity,12,16–18 but the amount of Pt required to achieve
a reasonable performance has restricted its use in large-scale
applications (typically 0.05–34 mg cm�2).12 A large over-
potential for ammonia electro-oxidation is also required,
which leads to a loss in electrode efficiency.14 The challenge
here is to develop electrodes at a reasonable cost, which show
a minimum ohmic loss and long-term stability, while ensuring
sufficient electro-catalytic activity.12 Two ways to solve this
problem have been proposed; (i) using a high surface-to-volume
support substrate that reduces the catalytic metal to a minimal
amount of Pt while maintaining an extensive reactive
surface;13,19,20 or (ii) alloying Pt with cheaper transition metals,
e.g. copper (Cu).21 Pt-free or Pt-alloyed electrodes based on
iridium, ruthenium, rhodium, and palladium metals have also
been studied.12,22–30 These electrodes may perform better than
pure Pt electrodes in the electro-oxidation of ammonia, but the
preparation costs are even greater. A combination of the two
approaches, using small amounts of expensive Pt while alloying
more inexpensive compounds on high surface-to-volume
support substrates has received less attention.31,32 This is
partly due to the bottleneck of nding a useful conductive
substrate ‘templates’ that can reliably hold the catalytic metal
structures, which are in turn required to be on the micro/
nanoscale to optimize its surface area to mass ratio.33

In this work, nano-structured catalytic Pt and bimetallic Cu–
Pt coatings electroplated on carbon bre laments have been
studied for inexpensive catalysis and electro-oxidation of
ammonia in wastewater. The carbon bres have a high specic-
surface-area (ca. 0.4 m2 g�1),34 high stiffness (z200 GPa), and
higher mechanical strength (z3.5 GPa normalized to mass)
compared to the metallic high surface-to-volume substrate
materials used in industrial electrolysis.35 These properties
combined with low thermal expansion and high chemical
resistance make the carbon bres interesting as substrates for
carrying electrocatalysts in both alkaline and acidic environ-
ments. The catalytic metals can be deposited on to carbon
structures by wet precipitation using reducing agents,36,37 by
deposition from the gas phase,38,39 and by electrochemical
deposition (electroplating).13,40–42 The electroplating technique
2112 | Sustainable Energy Fuels, 2019, 3, 2111–2124
was chosen because of its inexpensive and versatile water
chemistry, which show a potential to be up-scaled for industrial
applications, as well as its unique ability to allow coating of
complex surfaces. It is demonstrated that controlling the elec-
trodeposition parameters (i.e. applied current, voltage and
time) and surface chemistry of the carbon bres, it is possible to
grow morphologies with a high specic catalytic activity. The Pt
electrocatalyst gave an electrochemically active surface area
(ECSA) of 21m2 g�1 for hydrogen generation, and a peak current
density of ca. 6 mA mgPt

�1 during the electro-oxidation of
ammonia, although the lament electrodes showed poor
mechanical stability. The conditions for Pt deposition were
however further used to develop a novel bimetallic Cu–Pt alloy
with an extremely low content of Pt (3 wt%), which had almost
the same level of catalytic activity as the pure Pt system. In
addition, the poisoning effect (the blockage of active surfaces by
nitrogen species) was reduced due to the presence of a large
amount of copper in the alloy. The presented design reduced
the electrode cost dramatically, which allow for upscaling of
active catalytic surfaces to be explored in a variety of
applications.
2. Experimental section
2.1. Materials

Copper(II) sulphate pentahydrate (CuSO4$5H2O, ACS reagent,
$99%, AnalaR NORMAPUR), sulfuric acid (H2SO4, ACS reagent,
$95%, Sigma-Aldrich), hydrochloric acid (HCl, ACS reagent,
37% w/w, 12.2 M, Merck millipore), nitric acid (HNO3, analysis
EMSURE® ISO, 65% w/w, 14.6 M, EMD millipore), platinum
wire (Pt, 0.5 mm diameter, $99.9%, Metalor Technologies,
Borås Sweden), potassium hydroxide (KOH, ACS reagent,
$85%, Sigma-Aldrich), and ammonium hydroxide solution
(ACS reagent, 28.0–30.0% NH3 basis, Sigma-Aldrich) were used
as received. High resistivity MilliQ water, “ultrapure” water of
“Type 1”, according to ISO 3696 and ASTM D1193-91 (18.2
Mohm cm at 25 �C) was used in all the reactions. Carbon bres,
Pyrol TR30S 3K (200 mg m�1, density 1790 kg m�3, 3000 la-
ments per bundle, average lament diameter 7 mm) were bought
from Easy Composites Ltd, UK. The surface area of the la-
ments inside the carbon bres was estimated to 0.33 m2 g�1,
but due to the irregular curvature it was experimentally deter-
mined by BET (Brunauer–Emmett–Teller) to be ca. 0.4 m2 g�1.34
2.2. Synthesis of chloroplatinic acid (H2PtCl6$6H2O)

Chloroplatinic acid was prepared by dissolving a Pt wire (5 g) in
boiling aqua regia (50 ml), consisting of concentrated hydro-
chloric acid (37%) and nitric acid (65%) at a volume ratio of 3 : 1
(HCl : HNO3), in a 250 ml glass container equipped with
a thermometer, a magnetic stirrer, and a reux condenser. The
gases generated at the exit of the condenser (Cl2, NOCl, HCl,
and NOx) were scrubbed into a cold-water container. The
reactor was maintained at a temperature of 80 �C. During the
dissolution time (12 h), it was necessary to add HCl to
compensate for its depletion and evaporation. Aer dissolution,
the acidic mixture was allowed to evaporate until the volume
This journal is © The Royal Society of Chemistry 2019
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reached 10 ml and 30 ml of HCl was then added. This step was
done twice to decompose and remove any remaining nitric acid,
evident by the presence of brownish vapour. To avoid decom-
position of the chloroplatinic acid into PtCl4, the last 10 ml of
the Pt salt solution was allowed to crystallize and further dried
and stored under vacuum in a desiccator.

2.3. Removal of surface polymer sizing from carbon bres

Before the electrodeposition, the protective layer of polymer
sizing applied as a non-conductive surface coating in the
production of the carbon bres was removed by a shock heat-
treatment up to ca. 750–850 �C for 10 s. This was performed
via resistive heating of the lament bundles by applying 130
Vrms (50 Hz) per meter of bre length, with a variable auto-
transformer (METREL HSN0203, power: 1.82 kVA), Fig. 1 (top).
The current was 7 A per bre bundle, each consisting of 3000
laments with a diameter of 7 mm resulting in a current density
of 61 A mm�2.

2.4. Electroplating of metals (Cu and Pt) onto carbon bre

The electrochemical deposition of metals onto the carbon la-
ments was carried out at room temperature using a Keithley
2450 Source Meter in a typical three-electrode setup. A 250 ml
cylindrical beaker with an inner diameter of 60 mm and
a height of 88 mm was used, in combination with an Ag/AgCl
(RE-1S reference electrode, length: 52 mm, OD: 4.5 mm,
Fig. 1 (top) The schematic experimental overview for removal of non-co
carbon fibre, followed by electrodeposition of Cu, Pt and Cu–Pt on carb
carbon fibre, and (b–d) electroplated copper on carbon filaments at diffe
shown to indicate the approx. width of a carbon fibre containing ca. 30

This journal is © The Royal Society of Chemistry 2019
electrolyte 3 M NaCl) as a reference electrode, Fig. 1 (top). The
working electrode was 50 mm of carbon bre consisting of the
ca. 3000 carbon laments placed vertically in the middle of the
beaker. The counter electrode was 1 m of Pt wire (0.5 mm),
spirally mounted on the inner surface of the beaker. The
deposition process was carried out and optimized at room
temperature by applying either a constant voltage (within
a range +0.2 to�1 V) or a constant current (�5 to�100mA). The
concentrations of themetal-salt solutions were varied between 2
to 10 mM for Pt and Cu, respectively, and the pH was adjusted
with sulfuric acid. The electroplated carbon laments were
washed with deionized water and dried at 80 �C overnight. The
electroplating of the metals on the carbon laments was
assessed by cyclic voltammetry (scanning rate 20 mV s�1 within
the range from +1 to�1 V) in the similar electrochemical set-up.
2.5. Characterization

A eld emission scanning electron microscope (SEM; Hitachi S-
4800) connected to an energy dispersive spectrometer (EDS)
(Oxford Instruments, UK) was used to assess the morphology
and elemental composition of the coatings.

X-ray diffractograms of the powder samples were recorded at
room temperature using a PANalytical X'pert Pro MPD X-ray
diffraction (XRD) diffractometer equipped with a Cu-Ka
source (wavelength¼ 1.54178 Å), using a 2q step size of 0.017� at
a generator voltage of 45 kV and a current of 40 mA. The crystal
nductive polymer sizing and activation of the ca. 3000 filaments in one
on filaments; (below) the SEM images of (a) a pristine single filament of
rent magnifications (from nano- to micro-structures). A 10 cent coin is
00 filaments.

Sustainable Energy Fuels, 2019, 3, 2111–2124 | 2113
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size (D) and crystal interplanar distance (d) respectively were
obtained from the Scherrer and Bragg equations:

D ¼ kl

b cos q
(4)

d ¼ l

2 sin q
(5)

where k is a shape factor equal to 0.89, l is the characteristic
wavelength of the Cu-Ka radiation (0.154178 nm), q is the Bragg
angle and b is the peak width at half-maximum in radians.

X-ray photoelectron spectroscopy (XPS) spectra were
collected with a Kratos Axis Ultra DLD electron spectrometer
using a monochromatic Al Ka source operating at 150 W. An
analyzer pass energy of 160 eV was used to acquire wide spectra
and a pass energy of 20 eV was used for individual photoelec-
tron lines. Since the carbon bre samples were relatively large
and heterogeneous in macrostructures and conductivity, the
surface potential was stabilized using a spectrometer charge
neutralization system.43 The spectra were processed with the
Kratos soware.

2.6. Electrochemical measurements on ammonia solutions

The electrochemical measurements were performed with the
electroplated carbon bre laments as working electrodes in an
electrolyte ammonia solution (0.1 M NH3 + 1 M KOH) at room
temperature in a typical three-electrode setup (250 ml cylin-
drical beaker, 60 mm inner diameter, 88 mm height), using
a Keithley 2450 Source Meter. The Pt wire (1.5 g) was used as the
counter-electrode. Both working and counter electrodes were
immersed in the same electrolyte solution, and separated by
open plastic cylinders. In this way, the gas bubbles produced at
the electrodes were not accessible to each another. The refer-
ence electrode was of standard Hg/HgO type (KNO3 1 M inner
electrolyte solution, XR440, Radiometer). The cyclic voltamme-
try measurements were performed in the presence and absence
of ammonia at scanning rates of �2 to �200 mV s�1 within the
range of �1 to 0.4 V.

3. Results and discussion
3.1. Carbon bre treatment and electrodeposition onto
carbon laments

Fig. 1 (top) shows a general scheme for the carbon bre elec-
trode preparation, and three separately coated carbon bres
electrodeposited with Cu–Pt, Pt, and with Cu alone. The pristine
carbon bres contained ca. 3000 laments with an average
diameter of 7 mm. These bundles of laments were coated as
hanging entities in the center of the electrodeposition cell
(Fig. 1). Scanning electron micrographs of the carbon bres
prior to and aer electrodeposition of pure Cu are shown in
Fig. 1a–d. Before electroplating, an important pre-treatment
step had to be carried out in order to activate the bre
surfaces, since commercial carbon bres have a polymer
coating (sizing), usually of epoxy resin on their surfaces. This is
essential for the bundling and handling of the bres during
manufacture, but it also acts as an electrical insulator and
2114 | Sustainable Energy Fuels, 2019, 3, 2111–2124
chemical passivator.44 The surface conductivity is therefore
considerably lower than that in the out-of-plane and in-plane
graphite directions within the laments (transverse and along
the laments), limiting their application in electrochemistry
unless the sizing is effectively removed.45 The de-sizing of bres
had previously been carried out by thermal or chemical treat-
ment.46 In addition to the physical removal of the sizing,
however, these treatments were found to damage either the
bulk or the surface of the carbon bres and lowered the lament
conductivity, possibly due to changes in the bre microstruc-
ture. In contrast, an electrical shock heat-treatment by appli-
cation of 61 A mm�2 current resulted in a power dissipation of
ca. 0.3 W m�1 per carbon bre lament, causing a quick
decomposition and evaporation of the polymer sizing products
at an estimated temperature of 750–850 �C. The conductivity
along the laments aer removal of the polymer coating was
1.18 � 10�5 ohm m. For comparison, a perfect single crystal of
graphite has been reported to show 1 � 10�6 ohmm parallel to,
and 1 � 10�2 ohm m perpendicular to the basal plane.47 The
high electrical conductivity thus appeared to stem from an
undistorted dominant graphite crystal orientation along the
laments. The electrical shock treatment also opened up the
carbon bre lament bundles into separate laments with the
potential to be assessed in the electroplating reactions,
demonstrated in Fig. 1. The deposited copper or platinummetal
could be detected by their red-brown and grey-white colour,
while the electroplated Cu–Pt alloy on the carbon bre showed
an intermediate colour (Fig. 1). Fig. 1b–d shows the marked
changes in morphology of the copper-electroplated carbon
laments, used in the initial screening of the most useful
electroplating condition. Lower magnications revealed the
ability of the copper to uniformly cover the laments with an
average thickness of 1–2 mm (Fig. 1c and d) when an excess of
10 mM metal solution was used during 2 hours of electro-
plating. The copper coverage consisted of polycrystalline and
multi-faceted copper grains with sizes ranging from nano- to
micrometer.

Fig. 2a shows the multi-cyclic voltammograms measured in
an aqueous CuSO4 solution (10 mM), which were scanned
during deposition and dissolution onto the carbon laments.
The pH was adjusted to 1 and the scanning potential range was
set from +1 to �1 V to ensure complete deposition and disso-
lution of copper metal. During the rst cathodic scan, the
copper deposition peak showed an onset potential of ca.
�50 mV and a peak at ca. �300 mV vs. Ag/AgCl due to the
reduction of copper ions. In the reversal sweeps, the cathodic
current (absolute value) gradually decreased until it crossed 0.0
A at ca. �50 mV where the anodic reaction started due to the
dissolution of the deposited copper. The corresponding anodic
peak was observed at ca. +500 mV, and the current past the peak
was not 0.0 A at the vertex +1 V, indicating that the oxidative
dissolution of metallic copper at the carbon lament surface
was not complete.48 Residual metallic copper on the carbon
bre surface could thus act as nuclei for further electrodeposi-
tion via layer-by-layer growth, which was indicated by an
increase in the cathodic and anodic current peaks, and a shi in
the potential to higher voltages during the subsequent cycles.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Electrochemical measurements of the deposition of copper, platinum and their alloy onto 50 mm carbon fibres filaments, together with
the electroplated crystal structure; cyclic voltammogram scans without a polymer coating for Cu and Pt, with a sweep rate of 20 mV s�1 at room
temperature (a and b); cathodic current–time profile during 2 h potentiostatic deposition of Cu and Pt (c and d), together with X-ray dif-
fractograms of carbon fibres after 2 h potentiostatic deposition of Cu and Pt at different voltages vs. Ag/AgCl (e and f). The combined Cu–Pt
deposition was made at �0.2 V from a solution of 0.01 M CuSO4 and 2 mM H2PtCl6, adjusted to pH z 0, and marked as (Cu–Pt) in (d and f).

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
2/

20
19

 2
:2

5:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
For comparison, multi-cyclic voltammetry was carried out
under the same conditions for electrodeposition of the copper
onto a at graphite substrate, Fig. S2a.† The cyclic voltammo-
grams for the deposition and dissolution of copper on the
graphite surface showed a more symmetrical pattern than the
carbon lament substrate, indicating typical diffusion growth
characteristics.40 The cathodic and anodic peaks for the
graphite substrate were observed at lower values of respectively
�220 mV and +185 mV than for the carbon lament substrates
(cf. Fig. 2a and S2a†). In contrast to the carbon lament case, the
subsequent voltammograms were almost superimposed on the
rst cycle in the case of the at graphite substrate. It was sug-
gested that these differences were due to different ion diffusion
mechanisms onto substrates with the different surface areas
and different curvatures40 and/or crystallographic substrate–
metal mists.48 It was therefore concluded that the high specic
surface area and curvature of the carbon lament substrates
affected and reduced the local ion diffusion, and the rates of
electrodeposition and dissolution, the explanation being that
the deposition coverage during the rst cycle was incomplete,
so that increased deposition could occur during the subsequent
cycles due to the already nucleated metal species. Another
possibility is that the carbon laments were slightly rough and
affected the layer-by-layer electrodeposition mechanism.

Fig. 2b shows the multi-cyclic voltammograms for the elec-
trodeposition of the aqueous chloroplatinic acid solution with
the pH adjusted to about 0. A lower pH and a lower concen-
tration were chosen for the platinum deposition due to its noble
metal character. In the rst negative sweep, the reduction of Pt
This journal is © The Royal Society of Chemistry 2019
ions on the carbon lament surfaces started at ca.�200 mV and
the cathodic current increased linearly with the applied poten-
tial until vertex �1 V, but atomic hydrogen re-deposition49

occurred together with the Pt deposition. In the reversal sweep,
the cathodic current decreased with the same slope to 0.0 A. The
anodic peak at ca. �100 mV and its shoulder were thus related
respectively to the ionisation of hydrogen adsorbed on the
deposited Pt and to the slight formation of surface Pt-oxide
species (PtO, PtO2, Pt(OH)2).49 In subsequent cycles, the
cathodic current increased more sharply because the platinum
deposited in the rst cycle was not dissolved during the anodic
sweep. In the case of copper, only small remains of Cu acted as
a substrate for further deposition in subsequent cycles.

Fig. 2c and d show the current–time prole during the
potentiostatic (vs. Ag/AgCl) reduction of copper and platinum
ions, respectively, as discussed in Fig. 2a and b. In order to
eliminate the effect of ion diffusion, the electrolyte solutions
were stirred during the deposition,50 and the cyclic voltammetry
under stirring is shown in Fig. S2b and c.† According to Fara-
day's law, the weight of plating deposited on the cathode is
a linear function of both time and current. In a typical carbon
lament electroplating, however, the cathodic current for both
electrolyte systems increased sharply during the rst 20 min,
which is indicative of a fast nucleation and growth; whereaer
the current increased only gradually. The cathodic current for
the combined aqueous chloroplatinic acid and copper sulphate
solution at pH z 0 was more monotonous than that for the
chloroplatinic acid (see Cu–Pt in Fig. 2d), which was indicative
of a more controlled nucleation and growth for the
Sustainable Energy Fuels, 2019, 3, 2111–2124 | 2115
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electroplating of the copper–platinum binary system. Fig. S1†
shows the carbon lament coatings corresponding to the
different deposition currents, and Fig. 2c shows that the carbon
bres with the intact polymer sizing showed a signicantly
lower cathodic current than the carbon bre with removed
polymer sizing, i.e. during deposition with the same applied
potential of �0.2 V, and almost no Cu coverage occurred. In
fact, the high-temperature removal of insulating polymer sizing
not only extensively increased the out-of-plane conductivity of
the carbon bres, but was vital for the laments to function as
a deposition substrate. Reducing the thermal treatment only to
an extent where the laments were only partially glowing at
lower temperature negatively affected the ability of the bres to
become entirely embedded in the catalytic coatings.

Fig. 2e and f show the X-ray diffractograms of the electro-
deposited carbon bre samples aer 2 h potentiostatic depo-
sition in aqueous solutions of respectively copper sulphate and
chloroplatinic acid (with conditions stated in Fig. 2a and b).
Both Cu and Pt electrodeposited on carbon bres showed clear
diffraction peaks corresponding to the cubic crystal structure
lattice planes with a corresponding Miller index of (hkl). The
electrodeposited samples from the Cu2+ electrolyte solution
showed mainly a metal phase together with a small amount of
copper(I) oxide (Fig. 2e). According to the Scherrer equation
(eqn (4)), based on the peak at 44� corresponding to the (111)
plane, the sizes of the copper crystals were 18.2, 26.2 and
16.9 nm for applied potentials of �0.2, �0.5 and �1.0 V,
respectively. The oxide phase that formed on the surface of
copper crystals in the acidic environment,51 was thus indicative
of that the smaller copper crystals with a larger specic surface
area were more prone to oxidize at the higher potential (�1.0 V).
The electrodeposited samples from the chloroplatinic acid
solution showed a pure platinum metal phase within the 3 nm
detection limit (Fig. 2f).52,53 The X-ray diffractograms for
samples containing Pt also showed a peak at 26� corresponding
to the (002) crystal plane of carbon bres. The relatively high
intensity of this peak indicated a smaller Pt metal deposit aer
electroplating than the copper electrodeposition (cf. Fig. 2e and
f). The calculated crystal sizes based on the peak at 44� corre-
sponding to the Pt (111) plane were 10.0 and 13.4 nm respec-
tively for applied potentials of �0.2 and �0.5 V.
Fig. 3 High-resolution XPS spectra of carbon fibres samples after 2 h po
and b) Pt 4f region of electrodeposited Pt and Cu–Pt samples, (c) Cu 2p

2116 | Sustainable Energy Fuels, 2019, 3, 2111–2124
Fig. 2f also shows that the simultaneous deposition of the
twometals (Cu–Pt binary system at an applied electrodeposition
voltage of �0.2 V) revealed a crystal size of 3.6 nm, which is
much smaller than that of the pure Cu and Pt electrodeposited
samples. A unique feature of the Cu–Pt binary diffractograms
was that the diffraction peaks were located at diffraction angles
between those of pure Cu and Pt systems, indicating that the Pt
and Cu atoms were randomly distributed in a new cubic
superlattice with a different intermediate interplanar distance
according to the Bragg equation (eqn (5)).54

To gain more information regarding the surface composition
of the prepared electrodes, the Pt and Cu–Pt electrodeposited
carbon bre samples were examined with high-resolution XPS
(Fig. 3), which measures the kinetic energy and number of
electrons that escape from up to 10 nm of the samples. Fig. 3a
shows the Pt 4f7/2 spectrum of Pt electrodeposited carbon bres
deconvoluted into one intensive main peak at 71.2 eV assigned
to metallic Pt, together with weaker peaks at 72.0 and 73.7 eV
attributed to Pt in Pt(OH)2 and PtO oxidized states.55 The Cu–Pt
electrodeposited samples showed a lower intensity for the peaks
assigned to Pt species than the Pt electrodeposited samples,
indicating that only 3 wt% of the platinum atoms were at the
surface (Fig. 3b), although the EDS results indicated a higher Pt
content in the bulk, which is discussed later in Fig. 7h. The
peaks in the Cu 3p region suggested that metal atoms were
doped into the copper lattice,56 and that a Cu–Pt superlattice was
formed. The Cu 2p spectrum of the binary Cu–Pt sample also
showed intense peaks fromCu2+ and only a very small fraction of
metallic Cu was detected, Fig. 3c. The presence of a large amount
of doped Cu2+ was conrmed by the presence of satellite peaks
that suggested that platinum atoms were successfully alloyed
with copper atoms. The absence of metallic Cu was further
conrmed by multi-cyclic voltammetry, which was carried out by
electrodepositing the Cu–Pt binary system on the carbon bre in
H2SO4 (aq), 0.5 M, pH z 0, Fig. S3.† No sign of electro-
dissolution or re-electrodeposition of pure Cu was observed.
3.2. Morphology of copper electrodeposited on carbon bres

The morphology of the electro-plated carbon bres under
various applied potentials (potentiostatic mode) and currents
tentiostatic deposition at an applied potential of �0.2 V vs. Ag/AgCl; (a
region of the electrodeposited Cu–Pt sample.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM images of electrodeposited copper on carbon fibres in potentiostatic (applied constant potential vs. Ag/AgCl) and galvanostatic
(applied constant current) modes after 2 h.
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(galvanostatic mode) is shown in Fig. 4. Fig. 4a–c show the low
magnication SEM images of Cu deposits on 7 mm single
carbon lament for the three distinctive deposition potentials
of �0.2, �0.5 and �1.0 V, respectively, aer 2 h. The cathodic
current–time proles during 2 h and X-ray diffractograms are
presented in Fig. 2b and c. An applied potential of �0.2 V gave
the most uniform lament coverage with ca. 10 mm average
thickness (Fig. 4a), whereas an applied potential of �0.5 V
resulted in a non-uniform coverage almost twice as thick that
contained smaller lump features with sizes ranging from 5 to 50
mm (Fig. 4b). An applied voltage of �0.5 V had a current density
aer 2 h electroplating twice that of �0.2 V (see Fig. 2b), which
should indicate a twice as great electroplated Cu mass on
carbon bres. The greater coverage with the higher applied
potential was thus in accordance with Faraday's law. Fig. S4†
shows SEM micrographs of the electroplated layers initially
formed at an applied voltage of �0.5 V, illustrating that the
laments were uniformly covered at the start of the electro-
plating reaction, as when the applied voltage was lower at
�0.2 V. Accordingly, the micron-sized lump features were
growing on top of an earlier formed uniform metal layer aer
longer reaction times. Song et al.40 suggested that this was
a result of new nucleation sites and growth continuously acti-
vated when a more negative potential was applied. Although
a higher applied voltage, i.e. �1.0 V (far beyond Cu/Cu2+ equi-
librium potential), resulted in much larger current density and
electrodeposition at a faster rate, it led to a cathodic current
density (absolute value) that started to decrease aer 1 h elec-
trodeposition, Fig. 2b, due probably to the dissolution and/or
detachment of Cu deposits during the later stages of the elec-
trodeposition. Fig. S5† shows some detached and isolated
This journal is © The Royal Society of Chemistry 2019
copper deposits. It was evident that the higher applied voltage
resulted in the growth of a nanostructured dendritic copper
deposit, and the detachment occurred because the excessive
deposition of nanostructured dendritic copper became sensi-
tive to fragmentation from the surface of the carbon bres.
Fig. 4d and e show high magnication micrographs of the
electrodeposited copper with a uniform coverage (Fig. 4d) and
of the porous and radially grown leaf-like morphologies (Fig. 4e)
at applied potentials of �0.2 and �1.0 V, respectively.

It was reported previously that the electrodeposited copper
on substrates (graphite and copper) showed mainly poly-
crystalline grains with sizes ranging from submicrons to
microns.40,48 A uniform polycrystalline coverage was also
observed in this work with the addition of small facetted
morphologies ca. 10 nm in size for lower applied voltages
(Fig. 4d), while dendritic superstructures were obtained at
a higher applied voltage (Fig. 4e and S5†). These dendritic
copper structures were also reported by Li et al.,57 as a result of
hydrogen evolution together with the reduction of copper ions
at the cathode surface at higher applied voltages. Although
electrodeposition at a high voltage (close to hydrogen evolution)
may seem to be a useful method to develop novel electrode
surface with nano/hierarchical structures, these structures are
a drawback because of their sensitive nature. A frequent
detachment of the developed structures from highly curved
carbon bre surfaces occurred. In contrast, a more reliable and
solid uniform copper coverage, surrounding the bres was
always obtained at lower voltages (�0.2 V).

Fig. 4f and g show SEM images of Cu samples electro-
deposited in a galvanostatic mode (constant applied current) at
respectively �20 and �50 mA aer 2 h. The corresponding
Sustainable Energy Fuels, 2019, 3, 2111–2124 | 2117
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cathodic potential vs. Ag/AgCl-time prole during 2 h is shown
in Fig. S6.† An abrupt decrease in the measured voltage (abso-
lute value) occurred at an early stage (<200 s) and the voltage
decreased slightly during the 2 h of electroplating. The lower
applied current, �20 mA, resulted in a measured voltage of ca.
�0.2 V at the earlier stages (<200 s), which nally levelled out at
a voltage of ca. 0.0 V. This constant low applied current resulted
in the most uniform Cu deposits with sizes less than 100 nm,
Fig. 4f. It also served to avoid the formation of submicron
polycrystalline grains, which were observed on the electro-
deposited samples at a low applied voltage, i.e. �0.2 V (cf.
Fig. 2d and f). Fig. 2g shows the presence of submicron cubic
polycrystalline grains with truncated corners that were obtained
using the higher applied current (�50 mA). A constant current
(galvanostatic mode) during electroplating was thus the most
effective way to control the microstructure morphology in the
copper electroplating of the carbon laments.
3.3. Morphology of platinum electrodeposited onto carbon
bres

Fig. 5a–c show SEM images of Pt deposits on carbon bre
surface for deposition potentials of +0.2, �0.2 and �0.5 V,
respectively (vs. Ag/AgCl). The corresponding cathodic current–
time prole during 2 h and X-ray diffractograms are shown in
Fig. 2e and f. A positive applied voltage (+0.2 V) and a very low
cathodic negative current (close to 0.0 A) led to a small mass of
electroplated Pt formed as spherical nanoparticles on the
carbon lament surfaces, Fig. 5a, but this low amount of Pt was
could not be detected by X-ray diffraction,52 Fig. S7.† A negative
voltage of �0.2 V resulted in larger micron-sized spherical
particles forming inter-particle grain boundaries, Fig. 5b, and
Fig. 5 SEM images of platinum electrodeposited onto carbon fibres in po

2118 | Sustainable Energy Fuels, 2019, 3, 2111–2124
an even higher negative voltage, i.e.�0.5 V, yielded ca. 100 times
smaller spherical Pt entities (Fig. 5c), but the growth conditions
were then very heterogeneous and extended complex dendritic
units with sizes close to 10 mmwere formed (Fig. 5d and f). As in
the case of the deposition of copper at �1 V (Fig. 4c, e and S4†),
the platinum entities were composed of leaf-like units within
micron-sized superstructures (Fig. 5d and f). Fig. 5e shows that
the leaves were arranged as highly repetitive dendritic super-
structures. In the spherical superstructures (Fig. 5f), the 20 nm
thick leaf-like sheets were more randomly organized, as shown
in Fig. 5g. Sheet formation occurred at a lower applied voltage in
the Pt system because hydrogen was evolved at a lower voltage
in the Pt system than in the case of copper electrodeposition
since the platinum itself acts as an electrocatalyst for hydrogen
evolution under acidic condition.58 These superstructures with
specic nano-features could potentially provide more catalytic
activity than spherical particles due to their high specic
surface area and distinctive atomic termination,59–64 but the
presence of hydrogen at the surface of the cathode causes some
of the deposited metal to detach from the carbon bre surface
(as discussed earlier for the copper system). The application of
a voltage close to the hydrogen evolution with a high rate of
deposition also makes it difficult to maintain control of the
deposited metal morphologies, e.g. when repetitive sample
preparation is necessary.

Fig. 6a–c show SEM images of Pt electrodeposited samples in
the galvanostatic mode (constant current) aer 2 h for the three
deposition currents of �5, �20 and �50 mA, respectively. The
corresponding curves of cathodic potential vs. Ag/AgCl as
a function of time during 2 h are shown in Fig. 6e. The lower
deposition currents, i.e. �5 to �20 mA, resulted in spherical
tentiostatic mode for different applied potentials vs. Ag/AgCl after 2 h.

This journal is © The Royal Society of Chemistry 2019
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micron-sized particles, but the higher deposition current of�50
mA resulted in submicron Pt particles. In agreement with the
earlier result, it was apparent that an increase in the deposition
current density increased the number density of nucleation
sites, and that this led to more and smaller Pt particles with
a high specic surface area.59 The density of initial nucleation
sites on the pristine carbon lament is shown for the �20 mA
deposition current in Fig. 6f. In Fig. 6b, which shows a magni-
ed region of Fig. 6f, it is evident that the deposition current
also had a signicant effect on the surface morphology of the Pt
particles. A low deposition current gave smooth particle
surfaces, but at �50 mA a dendritic nanostructure with spiky
features was dominant. This nanostructure was discussed
earlier in relation to the evolution of hydrogen during the
electrodeposition (see the potential level in Fig. 6e). It was,
however, apparent that already at a deposition current of �20
mA, smaller grain features favoured particle-to-particle nucle-
ation before new nuclei were formed on the surface of the
carbon laments. This explains the preferred growth of parti-
cles on top of previously formed particles visible in Fig. 6f. The
higher constant current, �50 mA, resulted in the most uniform
dendritic Pt morphologies along the carbon laments (Fig. 6c),
when the measured potential levelled out at ca. �0.5 V vs. Ag/
AgCl, Fig. 6e. These star-shaped morphologies can thus be
Fig. 6 (a–c and f) SEM images of carbon fibres electrodeposited with pla
and �50 mA) after 2 h together with (e) voltage vs. Ag/AgCl-time profile

This journal is © The Royal Society of Chemistry 2019
compared with the mixed morphology (Fig. 5c–g) obtained in
the potentiostatic mode at �0.5 V. Overall, it can be concluded
that the carbon laments dominantly supported a more radial
growth of rened nanostructured platinum (and copper)
deposits when a higher voltage was used, which agreed with and
increased the nucleation on already deposited metal. At the
same time, the application of a constant current was the easiest
way to reach a more uniform and controlled particle
morphology.

Fig. 6d shows the separation of three Pt particles from the
carbon bre surface (grown at �5 mA). The grooves in the
laments are clearly visible as an imprinted and replicated
pattern on the released particles. These phase interface frac-
tures were frequently observed and considered detrimental for
the targeted catalytic application, although the Pt particles had
successfully nucleated on the carbon laments and grown into
the lament grooves. Regardless of the electrodeposition mode,
however, the Pt particles never resulted in a complete outer
shell covering the high-curvature carbon bre surfaces, and
they always showed inter-particle boundaries due to preferen-
tial self-nucleation. This result was in contrast to the copper
system and indicated that self-nucleation was greater for the Pt-
ion than for the Cu-ion system.
tinum in the galvanostatic mode for different applied currents (�5, �20
s. (d) SEM image of Pt particles detaching from a carbon fibre surface.

Sustainable Energy Fuels, 2019, 3, 2111–2124 | 2119
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3.4. Morphology of copper–platinum (Cu–Pt)
electrodeposited on carbon bres

Since Cu could effectively stabilize a uniform lament coating,
whereas Pt always displayed ‘island-like’ laments due to
extensive Pt–Pt nucleation instead of a uniform lament
coverage, a bimetallic approach was considered based on
inspiration by Stamenkovic et al.32 Fig. 7a and b show the Cu–Pt
coatings electrodeposited in the potentiostatic mode for the
deposition potentials of respectively �0.2 and �0.5 V, aer 2 h.
The corresponding cathodic current–time prole during 2 h, and
the X-ray diffractograms for deposition voltage of �0.2 V are
shown in Fig. 2e and f. The high magnication micrographs
from the�0.2 V deposition revealed a nano-sized polycrystalline
phase together with submicron crystals (Fig. 7a and d). With an
applied voltage of�0.5 V (Fig. 7b and e), only submicron crystals
were formed and the X-ray diffractograms of the �0.5 V sample
showed only the Cu/Cu2O phase with no sign of Pt species,
Fig. S7.† It was therefore suggested that the facetted submicron
Fig. 7 SEM images of potentiostatic electrodeposited carbon fibres with
low magnification of the galvanostatic electrodeposition mode; (f and g
SEM-EDX element mapping of �0.2 V electrodeposited sample for carb

2120 | Sustainable Energy Fuels, 2019, 3, 2111–2124
crystals in the nanostructured phase obtained at �0.2 V con-
sisted mostly of copper (Fig. 7d). Fig. 7c shows that a �20 mA
electrodeposition current (in the galvanostatic mode) resulted in
the aggregation of larger crystals in 1 mm lumps.

Overall, the application of a lower voltage (�0.2 V) resulted in
the most uniform lament coverage, completely surrounding
the carbon laments. An average thickness of ca. 1 mm for Cu–Pt
deposits on single laments was estimated from the SEM
micrographs, Fig. 7a and f. A uniform coating coverage is
considered to be important for the mechanical integrity of the
coatings, preventing the release of catalytic metal as was
observed with the pure Pt system (Fig. 6d). The cross-section of
the bi-metallic coating on the carbon lament interface is
shown in Fig. 7f–h. The Cu–Pt coating also showed an ability to
orient and t into carbon bre surface grooves (observed in
Fig. 7f and g), providing an interlock joint system similar to
a “dovetail” joint (Fig. 7g inset), which hindered detachment of
the deposited metal.
layers of a binary alloy of copper–platinum after 2 h (a, b, d, and e); (c)
) low and high magnifications of the carbon fibre/deposit interface; (h)
on (C), oxygen (O), copper (Cu), and platinum (Pt) elements.

This journal is © The Royal Society of Chemistry 2019
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EDX elemental mapping together with SEM was used to
study the distribution of elements on the surface and bulk Cu–
Pt coverage, Fig. 7h. The atomic percentages of C, O, Cu and Pt
were calculated to be 77.1, 15.1, 5.7 and 2.1 respectively. That Cu
and O were dominant on the surface of the deposits is in
agreement with XPS surface analysis, Fig. 3, and these EDX
results thus conrmed the ultralow Pt deposition of Pt in the
binary system.
3.5. The catalytic performance of electrodeposited carbon
bres for electro-oxidation of ammonia solution

The cyclic voltammetry and stepwise chronoamperometry
measurements were made for platinum and copper–platinum
electrodeposited carbon bre samples (2 h with the potential of
�0.2 V vs. Ag/AgCl), Fig. 8. The behaviour of the Pt- and Cu–Pt-
coated carbon bres in 1 M KOH is shown in Fig. 8a. For the Pt-
electrodeposited sample, the anodic current started on positive
scan at�0.4 V and reached a peak at ca.�0.14 V, corresponding
to the adsorption of OH on the catalyst surface together with the
oxidation associated with the formation of an oxide layer on the
platinum surface, occurring in the region from �0.20 to
+0.4 V.55 In the Cu–Pt system, the anodic current started earlier
at �0.65 V and reached a peak at �0.4 V, which was related to
the formation of an oxide layer on copper (Cu2O) in an alkaline
KOH electrolyte. The copper atoms may produce soluble copper
hydroxide species at a voltage higher than 0.0 V during oxida-
tion,65 but this did not occur in the Cu–Pt system. This sup-
ported the hypothesis that the copper atoms were alloyed with
the Pt, and was in agreement with the X-ray, XPS and EDX
results. This was considered to be important since metallic
copper has the potential to contaminate wastewater systems.
On negative scanning for the KOH electrolyte, the cathodic
current for the Pt-electrodeposited sample started at +0.1 V,
which was related to the reduction of Pt-oxide, whereas the
cathodic current for the Cu–Pt system started at �0.3 V, Fig. 8a.
The electrodeposited metals showed a peak between �0.6 and
�0.8 V, which shied to more negative potentials when the
sweep rate was increased, Fig. S8.† Giri and Sarker65 carried out
cyclic voltammetry for a copper monolayer on the platinum
surface in a KOH electrolyte and compared the results with
Fig. 8 Electrochemical catalytic activity for different electrodeposited c
electrolyte systemswith sweep rate of 2mV s�1 at room temperature, (c) p
at 1 min intervals. The current was normalized with respect to the total ma
carbon fibres before and after electrodeposition. Note: black refers to P

This journal is © The Royal Society of Chemistry 2019
those for copper and platinum surfaces. The oxide phase on the
monolayer copper and platinum monolayers was reduced at ca.
�0.25 and�0.4 V, respectively,65 so that the peaks appearing on
the negative scan in the �0.6 to �0.8 V range should be related
to hydrogen adsorption/desorption, which is located in the�0.4
to �1.0 V range. The cyclic voltammograms for noble metals
within basic electrolytes are characterized by hydrogen
adsorption/desorption, double-layer and oxygen regions in
potential ranges of respectively (�1.0 to �0.4 V), (�0.5 to �0.2
V) and (�0.2 to +0.6 V).55,66 The electrochemical active surface
area (ECSA) of Pt electrodeposited on a carbon bre was further
derived from the integrated charge of the hydrogen adsorption/
desorption peak (inset in Fig. 8a) divided by the scanning sweep
rate and the constant 0.21 in mC cm�2 (the maximum surface
charge transferred to Pt during adsorption of a monolayer of
hydrogen).67,68 The calculated ECSA was ca. 21 m2 g�1, which is
signicantly higher than the value for ordinary electrodes of
bulk Pt, Fig. S9a.†

Fig. 8b shows the cyclic voltammogram of the electro-
deposited carbon bre catalysts in the presence of 0.1 M NH3.
The Pt coated carbon bres showed a broad irreversible anodic
peak corresponding to NH3 oxidation with an onset and
a maximum at respectively ca. �0.8 and +0.25 V. The maximum
current density for electro-oxidation of ammonia was ca. 3 mA
mgPt

�1 at a sweep rate of �2 mV s�1, which shied to a higher
positive potential when the scanning rate was increased, see
Fig. S8e.† This maximum current density was much higher than
that of pure 220 mg Pt wire (0.5 mm in diameter). The Pt wire
showed a peak current of 3.45 mA at a potential of �0.56 V,
Fig. S9b,† i.e. ca. 0.02 mA mgPt

�1, revealing the importance of
the high active surface area achieved using carbon laments as
substrates for the catalytic metal. The onset of electro-oxidation
of ammonia on Pt coated laments (ca. �0.8 V) occurred earlier
during cyclic voltammetry than previously reported for the
electrodeposited Pt–carbon bre systems,10,12,13,20 (ca. �0.5 V),
and less energy was required for the electrolysis. The current
density for electro-oxidation of ammonia based on Pt on carbon
was previously reported to be 6.5 mA mgPt

�1 for carbon bre
paper substrates at a potential of �0.05 V vs. Hg/HgO for 5 M
KOH support electrolyte, but the ammonia concentration was
arbon fibre samples; (a and b) cyclic voltammogram scans in different
olarization curves with stepwise applied potential with steps of 100mV
ss of deposits including Pt and Cu bymeasurement of the weight of the
t, red refers to Cu–Pt in all graphs.
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not reported.20 Here, a similar current density was achieved at
a much lower concentration of KOH (see Fig. 8b and S8†). The
same group reported 2.7 mA mgPt

�1 at a potential of +0.1 V vs.
Hg/HgO for an electrolyte of 1 M KOH and 1 M ammonia at
a sweep rate of 10 mV s�1.13 Our Pt–carbon electrodes showed
ca. 3 mA mgPt

�1 under 1 M KOH conditions, with a 10 times
lower ammonia concentration, Fig. S8.† The anodic oxidation of
ammonia and the cathodic evolution of hydrogen during cyclic
voltammetry on the Pt surfaces is affected by electrolytic
parameters and operation conditions,12 but ammonia is
oxidized more easily at higher KOH concentrations, which
suggests a very high catalytically performance of the Pt-coated
laments with regard to the current density and low onset
potential.10 The electro-oxidation of ammonia with the binary
Cu–Pt system showed an onset at �0.8 V and a double peak
centred respectively at �0.31 and �0.06 V with a maximum
current density of 2.5 mA mgCu–Pt(total loading)

�1. The value
suggests a slightly lower efficiency of ammonia oxidation than
for Pt coated carbon laments, but it should be noted that the
surface-content of noble Pt in this binary system was only ca.
3 wt%.

Fig. 8c shows the current density versus time when the
potential was increased stepwise in steps of 0.1 V from�0.6 V to
+0.4 V with an interval of 1 min for each step. For Pt-coated
samples, the current density level increased when the voltage
level was increased to 0.0 V, but decreased slowly with time at
each voltage step due to the poisoning effect. The electro-
oxidation of ammonia in basic conditions is a multi-step
process involving the successive dehydrogenation of nitrogen
species and the formation of a variety of reaction intermedi-
ates,66,69 which accumulate at the catalyst surface and block the
active noble metals sites, i.e. poisoning the main reaction.70 The
poisoning effect became evident at potentials higher than 0.0 V
for the Pt surface, where the current density decreased for
higher potentials. For comparison, the Pt wire with a much
lower active surface area was rapidly deactivated due to severe
poisoning in the applied potential range, Fig. S9c.† The Cu–Pt
binary system showed less poisoning than the pure Pt system at
a voltage higher than ca. 0.0 V, Fig. 8c. The severe poisoning of
Pt sites for ca. 10min at the applied potential of 0.0 V was shown
in chronoamperometry tests, Fig S10,† demonstrating both
systems sensitivity to the formation of adsorbed reaction
nitrogen intermediates. However, considering the possibility of
reactivation of the catalytic surface applying a negative poten-
tial,66,69 the bimetallic alloy provided an almost similar level of
electro-oxidation of wastewater ammonia as when pure Pt was
used. It is therefore suggested that the copper hindered the
poisoning effect while the low amount of Pt oxidized the
ammonia to N2 and H2, since copper alone cannot dehydroge-
nate NH3.71

Electrodes containing noble metals doped with copper have
shown useful activity for methanol electro-oxidation in acidic
environments.56,67 Here, the successful alloying of the Cu and Pt
in a superlattice formation can be regarded as benecial from
the perspective of a considerably retarded dissolution of copper
during electro-oxidation.54
2122 | Sustainable Energy Fuels, 2019, 3, 2111–2124
Conclusions

A novel concept of bimetallic carbon bre electrodes to be
prepared for the purication of wastewater from ammonia
contaminant is presented. Only 3 wt% of platinum was required
in a copper superlattice to generate a stable carbon bre elec-
trode surface with only 30% less capacity to oxidize ammonia,
as compared to the pure platinum. A key component for the
exploitation of this effect was to use commercial carbon bres
as an inexpensive electrodeposition material aer a thermal
shock treatment at ca. 800 �C. The rapid heating allowed their
protective polymer coatings to rapidly decompose, while
maintaining a high intrinsic lament conductivity of the carbon
bres at ca. 10�5 ohm m. Copper, platinum and a combination
of copper and platinum ions were deposited on the laments,
and the nature of the metal coatings are corroborated with their
methods of deposition as well as the type of metal ions used for
similar electroplating conditions. The potentiostatic applica-
tion of the coatings at higher voltages resulted in complex
dendritic morphologies with a very high large surface area but
a weak interface towards the laments, whereas the galvano-
static preparation resulted in more uniform coatings. In
contrast to platinum showing a strong preference for deposition
on already nucleated surface areas, generating fragile ‘island-
like’ lament coverage, copper–platinum coatings displayed
uniform coating formation surrounding the entire lament
cores. The use of carbon bre laments for the preparation of
catalytic surfaces is expected to nd a range of other uses where
nanostructured morphologies with large surface area are
required for catalytic performance.
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